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ABSTRACT 
In recent years, Hot-Wire Chemical Vapor Deposition (HWCVD) has surfaced as an 
active research area for semiconductor deposition. Its ability to produce films at high gro\\th 
rates while maintaining device quality electronic characteristics makes it a promising method 
for fabrication of solar cells and other optical materials. Currently, growth rates are limited 
only by the degradation of electronic properties as the rates increase. However, the hot-wire 
technique lacks ions, and therefore, many of the beneficial effects of ion bombardment. In 
this work, the influence of low energy ion bombardment from an electron cyclotron 
resonance plasma source during HWCVD grov,th is explored for the first time ever. A new 
system was built for this purpose. From a base set of parameters on the new system, 
amorphous silicon thin films were deposited by HWCVD \Vi th and without the aid of an ECR 
plasma. The films \Vere characterized by measuring deposition rate, photosensitivity. Urbach 
energy, light degradation, and hydrogen content. It is found that the addition of a plasma 
decreases the deposition rate, but increases photosensitivity, decreases Urbach energy, 
degrades stability, and decreases hydrogen content. It is shown that the hot-wire filament is 
the primary source for gro\\th even in the presence of a plasma. It is also shovm that ions are 
more effective for etching the film than are radicals. The completion of this work presents 
the first new hot-wire system in nearly a decade. 
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CHAPTER 1: INTRODUCTION 
1.1 Purpose of Research 
1.1.1 Microelectronic applications 
The need for future technological advancement in the silicon industry requires 
improvements in processing. The solar cell industry is growing at a steady annual rate, but 
there are factors that are preventing substantial profitability. Also, the telecommunications 
industry is moving toward optical processing. This trend projects a need for optical networks 
and interconnects made with silicon technology[l]. With limited growth rates, the large 
thickness required for optical circuit applications and the base layers for solar cells require a 
longer deposition time and therefore a much longer deposition line (bigger system). This 
requires a substantial capital investment, increases in-line manufacturing time and costs, and 
thus far has limited new investment in this area. With the help of hot-wire chemical vapor 
deposition (HWCVD), research groups have obtained growth rates as high as 130 Als while 
maintaining reasonable electronic properties (photo-to-dark-conductivity ratio of 105 )[2]. 
While this is a very high deposition rate compared to other forms of silicon deposition, the 
electronic properties are poorer compared to the properties of films deposited using other 
techniques. Improving the properties of high-growth-rate amorphous silicon, therefore, is a 
critical need in the industry. 
1.1.2 Historical Perspective 
Until recently, the dominant research interest for amorphous silicon deposition was 
plasma-enhanced chemical-vapor deposition (PECVD). Thus far, it has proven to be the 
only commercially viable means of a-Si:H production. PECVD has the benefits of being 
scalable, using gases for production rather than liquids or solids, using power supplies that 
are readily available, and being a low-temperature and low-power process. There are, 
however, a few potential problems with the method. While it has been shown that ion 
bombardment is helpful in obtaining high-quality devices[3], it can also lead to charge-
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induced damage on the films that can limit device performance[4]. It is possible to obtain 
higher growth rates with plasma deposition techniques, but the films typically exhibit poor 
device quality[3]. The best materials are made with the lowest powers, and thus, with lower 
growth rates[2]. For this reason, PECVD is typically a low growth-rate process (-1-2 Als). 
Within the last decade or so, it has been demonstrated that hot-wire chemical-vapor 
deposition can far surpass the growth rates of conventional PECVD. Mahan believes that 
one of the reasons for the improvement in hot-wire growth rate is the absence of energetic 
bombardment and the lack of heavier radical formation that comes from the high powers 
required in plasma processes to achieve decent growth rates[S]. However, the electronic 
properties of PECVD films remain superior to the properties ofHWCVD films. It can be 
seen from these beginning statements that there is much room for improvement of current 
technology to make a-Si:H deposition more effective. 
1.1.3 Project Objectives 
The three project objectives are: 
1. Configure the existing ECR plasma reactor to include a hot wire deposition mode 
while reducing the deleterious influence of unwanted substrate heating caused by 
radiation from the hot wire source. 
2. Use the new system to deposit a-Si:H films with hot wire only, without any ion 
bombardment, and measure their properties. 
3. Deposit a-Si:H films using the hot wire mode while also subjecting the films to low 
power, low energy ion bombardment from the ECR source, and measure the 
properties of these films. 
The fundamental reason behind doing these experiments is to see if low energy ion 
bombardment improves the properties of films deposited at higher rates using the hot wire 
system. This approach was originally suggested by Dalal[3], and is being implemented for 
the first time ever in this work. It is hoped that the results of these first experiments will 
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yield information required to optimize this new deposition system and produce new materials 
and devices at higher growth rates. 
4 
CHAPTER 2: SAMPLE PREPARATION 
2.1 Hot-Wire Chemical Vapor Deposition 
2.1.1 Fundamentals of HWCVD 
Hot-wire chemical vapor deposition (HWCVD) has many promising features that 
seem to make it interesting as a useful processing technology for future devices. The growth 
mechanisms involved in the deposition process are mostly unknown due to the relative 
immaturity of the technology[?], but some of the basics are useful to aid in the 
understanding of the growth model. 
The following information regarding the mechanisms of HWCVD is presented as 
developed by Gallagher[?]. The theory of catalytic decomposition of silane (the primary 
source gas) is far less complicated than that for PECVD. The source gas is decomposed by 
one means only: reaction with the heated filament. During this reaction, four hydrogen 
atoms and one silicon atom are released from the filament. 
SiH4 ~4H +Si (2.1) 
At temperatures above 1800° C, the reaction probability of SiH4 with the filament is very 
high. At high temperatures and low pressures, the rate of hydrogen desorption exceeds that 
of SiH4 being supplied to the filament resulting in efficient breakdown of silane. As the 
filament temperature is decreased, the rate of H desorption decreases, and SiH4 molecules 
may be repelled by H atoms attached to the dangling bonds on the filament surface giving 
rise to lower decomposition efficiencies. The atoms released from the surface are then 
available for further reactions and growth. 
2.1.2 Hot-Wire Growth Model 
Both the silicon and hydrogen atoms released from the filament will proceed to react 
with the silane molecules to produce the following products: 
(2.2) 
5 
Si+ SiH4 ~ 2SiH2 
~SiH+SiH3 
~Si2H2 +H2 
~Si2H4 
(1.3) 
(2.4) 
(2.5) 
(2.6) 
It is believed that the dominant radical which leads to the growth of silicon films is 
silyl (SiH3). This radical usually does not react with the parent silane molecule (which is the 
dominant gas species) but instead gets incorporated into a surface site. In contrast, radicals 
such as SiH2 react with silane leading to the production of disilane. In addition to the above 
primary reactions, it is possible that radicals can interact with each other, particularly at 
higher pressures. When the pressure is very low, reactions such as shown in Equation 2.2 do 
not occur, and one gets a low growth rate. When the pressure is too high, there is too much 
formation of higher silanes and silicon dust, instead of production of silicon on the growth 
surface. Thus, there is an optimum pd product for creating the. best films at a high rate, 
where p is the pressure and dis the distance between the hot wire filament and the subsfrate. 
According to a model developed by Mollenbroek et al[6], the film growth is optimized at a 
pd product of -30 mTorr-cm. We will show in this work that our data do not fit this model, 
but instead, our optimum pd product is -160 mTorr-cm. We do not understand the reasons 
for this discrepancy. 
2.2 Electron Cyclotron Resonance Plasma Processing 
The details of the ECR plasma have been discussed extensively in previous literature 
and can be found in references[8-17]. The ECR plasma reactor is a remote reactor in which 
plasma is produced using a microwave source. The plasma beam is directed toward the 
substrate where it both reacts with silane to produce the radicals needed for film growth and 
bombards the substrate, causing both chemical and physical reactions. The chemical 
reactions may include etching of the film during growth by H, rearrangement of Si-Si bonds, 
an attendant increase in crystallinity[12], and desorption of excess H[14]. The physical 
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impact on the film may be the removal of excess hydrogen by bond breaking and momentum 
transfer to radicals on the surface, thereby promoting a more homogeneous growth. 
However, excessive ion energies may cause damage to the atomic arrangement. In general, it 
is believed that low energy ion bombardment (a few eV) is beneficial because it leads to the 
breaking of surface Si-H bonds and therefore removal of the excess H, and also leads to 
reconstruction of deeper bonds into a more ordered state, without causing ion damage to the 
lattice. The effects of such ion bombardment are likely to be particularly useful for 
improving the properties of alloy films such as a-(Si,Ge)[3]. However, in this work, we will 
focus only on the growth and properties of a-Si:H films. 
2.3 Reactor Description 
A schematic diagram of the reactor designed to incorporate both ECR-PECVD and 
hot-wire systems is shown in Fig 2.1. Following is a description of some of the main 
components that make up the system. 
• The microwave power source used in this work was a Sairem adjustable source 
using a frequency of2.45 GHz. The source uses a three stub tuner to control the 
polarization of the microwaves. The tuner settings remained constant throughout 
this research. 
• A quartz window near the plasma generation region was used to couple the 
microwave power into the plasma region inside the reacfor. 
• Two magnetic coils provide the static magnetic field used to establish the ECR 
condition. Two DC power supplies provide current to the magnet coils allowing 
control of the magnetic field strength. 
• A single tungsten filament 19 cm in length was wound in a helical shape and 
stretched to a length of 7 cm. The filament was placed perpendicular to the 
plasma and parallel t~ the substrate and process gas flow. It has been sho\\n that 
the substrate can be excessively heated by the filament if the distance is too 
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short[18]. As suggested by Ishibashi, a longer filament-to-substrate distance of 8 
cm is used to minimize this effect. 
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the page 
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Figure 2.1 Schematic of reactor system 
• The gases used in the reactor enter through separate orifices. The plasma gases 
(hydrogen and helium) were introduced at the rear of the plasma generation 
region. The process gases (silane and hydrogen) were introduced near the 
substrate parallel to the hot-wire filament. 
• The restricting orifice ensures uniformity of the plasma entering the deposition 
chamber. The orifice shapes the plasma into a diverging cone. 
• The substrate holder is end loaded. A stainless steel mask with a 1 inch square 
hole is bolted over the substrate to affix the substrates firmly to the holder. A disk 
heater behind the substrate is used to control the substrate temperature. 
• The vacuum system utilizes a turbomolecular pump, a backing pump, and a 
roughing pump. The pressure is brought from atmospher~ to~ 10-3 Torr with the 
roughing pump. The turbo pump is used to further reduce the pressure to the 
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range of 10-7 - 10-8 Torr prior to deposition. Both pumps are supported with a 
backing pump that is constantly purged with nitrogen to prevent the build up of 
any toxic gases that may be used during the process. 
2.4 Deposition Procedure 
A careful film growth procedure was followed in an effort to maintain repeatability 
and minimize statistical variation. The 7059 Corning glass substrates are cleaned with an 
acetone boil followed by an ultrasonic bath in methanol. Immediately before being placed on 
the substrate holder, the substrates are blown dry with nitrogen. The substrate holder is 
quickly placed back into the reactor, and a series of nitrogen, silane, and hydrogen purges are 
performed to remove any moisture that may have entered the system while it was open. 
After the purges, the temperature of the substrate is increased to the desired deposition 
temperature (- 250 °C). A shutter is placed in front of the substrate to prevent undesirable 
deposition during the chamber etch and the growth of the dummy layer. The chamber etch is 
performed using a 200 W hydrogen plasma to clean the reactor walls. The dummy layer is 
deposited for a period of time with the shutter closed to cover any remaining impurities on 
the walls with a layer of pure silicon. Deposition times are chosen to grow films at a 
thickness of 1 µm. After deposition, the shutter is closed and the plasma is turned off. 
During growth a silicide forms at the cooler ends of the filament. This silicide decreases 
filament lifetime[18] and can affect repeatability[4]. To remove much of the silicide, the 
filament is heated in the presence of high hydrogen flow for 5 minutes after growth. This 
serves to prolong the life of the filament and improve repeatability of the films[19]. 
Following the filament cleaning, the substrate heater is turned off and the substrate is cooled 
to -30 °C before being removed. 
2.5 Metallization 
To make electrical measurements, contacts on the surface of the films are necessary. 
A thermal evaporator system is used to evaporate chromium contacts. The evaporator 
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consists of a bell jar with resistively heated chromium rods serving as the material source. 
The contacts are selectively deposited with a length-to-width ratio of 20 using the mask 
shown in Fig 2.2. After loading a sample, the chamber is pumped down to 3 x 1 o-6 Torr with 
a diffusion pump. 
-+1 ~ 
w 
T. 
Figure 2.2 Mask for chromium metallization. 
The chromium is deposited at 6-9 Als until a thickness of approximately 500 A 
(measured by an in-situ thickness monitor) is deposited. In order to decrease the contact 
resistance, silver paint is applied and the sample is annealed at 190 °C for at least an hour. 
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CHAPTER 3: CHARACTERIZATION 
3 .1 UV NIS/NIR Spectroscopy 
Spectrophotometer measurements were made on all the films to determine the 
bandgap (by way of the absorption coefficient) and the thickness of the films. A commercial 
Perkin-Elmer dual beam spectrophotometer was used. The system generates a 
monochromatic beam that is split into two beams. One is used for sample interaction, and 
the other is used as a reference. 
The experimental beam passes through the sample and the substrate. As it does so, 
some light will be reflected by the sample, and some will be reflected by the substrate. The 
light passing through the sample will interfere with the light being reflected by the substrate 
resulting in an interference pattern in the spectrum that can be graphed. An example of this 
pattern is shown in Fig 3 .1. 
~ 80 -c 
0 
'iii 
.!!? 
E 
fl) 
c 
I! 20 ..... 
Transmission vs. Wavelength 3/960 
0-1-~~,--~--,..~~-.,..-~~.....,...-~~..--~--,.~~---.-~ 
1000 1200 1400 1600 1800 2000 2200 2400 
Wavelength (nm) 
Figure 3.1 Transmission plot from spectrophotometer. 
The relative position of the interference peaks and valleys is proportional to the thickness of 
the film. 
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The thickness can be calculated from, 
(3.1) 
where tis the film thickness, A. 1 and A.2 are consecutive peaks or a peak valley pair, n is the 
refractive index of the film, and~ is a constant (~=4 for peak-to-valley intervals, ~=2 for 
peak-to-peak intervals) [34]. 
The absorption coefficient can be measured with the same system. A plot of the 
absorption coefficient (a) as a function of wavelength can be created using the absorption 
data, A(A.), the reflection data, R(A.), and the thickness in the following equation[34]. 
a.(A.) = 2.303 * A(A. )- ln [(1- R(A. )t'] 
. t (3.2) 
The optical gap (an estimation of band gap) can be obtained by plotting a versus energy. 
The energy value that corresponds to a= 104 is the E04 energy. Fig 3.2 shows an example of 
this graph. 
ftl .c c. 
:cc 
3/960 (E04) 
100000 -.--------------------. 
1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 
Energy 
·------------
Figure 3 .2 E04 energy plot 
At values of a > 104 cm-1, absorption occurs between extended states, therefore, E04 energy 
can be used as an estimation of the band gap. 
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3.2 Sub-Band Gap Absorption 
A sub-band gap absorption measurement can also be used to gain some insight to the 
quality of films. The two-beam photo conductivity sub-band gap absorption technique 
developed by Wronski and co-workers[21] was used to measure the absorption of states 
belowa=103 cm·1• 
This two-beam technique utilizes a DC light beam incident on the sample to fix the 
quasi-Fermi levels in the material which serves to keep the midgap states filled. With the 
occupancy of the traps unchanging, the lifetime of the photo-generated carriers remains 
constant. An AC beam is superimposed on the DC beam and modulates the photo-current 
generated by additional electron-hole pairs which can be detected by a lock-in amplifier. 
This ensures that only the photo-current corresponding to the chopper frequency is detected. 
The change in photo-current can be related to energy to determine the absorption coefficient 
for the film. 
A schematic of the apparatus used for this measurement can be seen in Fig 3.3. 
Following is a description of the main components of the system. 
• The source is a white light filtered by a monochromator. The wavelength range used in 
this measurement was 600 to 1300 nm. 
• A chopper is used to fix the AC frequency of the incident beam at 13.5 Hz. This 
frequency is used to reduce the noise due to 60 Hz power lines and ambient light in the 
room. 
• High-pass filters at 700 nm, 900 nm, and 1220 nm are added to reduce the higher 
harmonic frequencies of the monochromator and prevent the shorter wavelengths from 
reaching the sample. 
• Two lenses are used to collimate the AC beam and a mirror directs the beam between the 
sample contacts. 
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Figure 3.3 Illustration of subgap absorption measurement. 
• A bias of 9 V is applied across the sample to improve the transport of electrons and holes 
and thereby enhance the measured signal. 
The absorption coefficient depends on the photon energy related to the band gap, and the 
Urbach energy. The absorption coefficient can be calculated with the dual beam 
photo-conductivity measurement. If a is plotted versus energy of the photons, the Urbach 
energy can be determined with Equation 3.5. A sample subgap absorption curve is shown 
a = a 0 exp - _g __ _ ( E - hv J 
Eur (3.5) 
in Fig 3.4. The Urbach energy is an important parameter for determining performance of an 
amorphous material. It has been shown that the Urbach energy is a monotonic function of 
the number of defects[22]. From this, it could be expected that the Urbach energy be a good 
indicator of stability. Wehrspohn et al, have found this not to be the case [23]. This group 
has found that an increasing Urbach energy correlates to an increasing hydrogen content. 
Generally, a lower Urbach energy denotes a higher quality material. Some groups have 
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presented high-quality films deposited with the hot-wire technique with Urbach energies in 
the range of 50 meV[23]. 
QE Plot for Sample 3/967 
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Figure 3.4 Subgap absorption curve for Urbach energy calculations. 
3 .3 Hydrogen Content 
Deposition of amorphous silicon invariably leaves dangling bonds inside the silicon 
lattice. It is generally accepted that these bonds are passivated with hydrogen leaving Si-H 
bonds. It was mentioned in the previous section that the recombination of electron-hole pairs 
can give off enough energy to break weak bonds in the material. The breaking of weakly 
bonded Si-Hin the amorphous structure leaves dangling bonds that decrease the conductivity 
of the film. For this reason, a measure of the number of these bonds will be helpful in 
determining the susceptibility of the films to light degradation. 
One method for determining the hydrogen content of thin films involves analysis of 
the infrared absorption spectrum. Bare silicon wafers that were polished on both sides were 
used as substrates to accommodate the measurement. Films were grown in exactly the same 
manner as previous samples whose properties were well known. A Nicolet Magna-IR 760 
Spectrometer was used for these measurements. A sample IR absorption curve is shown in 
Fig 3.5. From this absorption spectrum and Equation 3.2 we can obtain the graph for 
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absorption coefficient[25]. This graph shows the infrared absorption strengths of the Si-H 
stretching (-2000 cm-1) and wagging (-600 cm-1) modes. The area under the stretching 
mode peak and the area under the wagging mode peak on the absorption coefficient curve 
can be used to make comparisons between films and their relative hydrogen contents[24]. 
IR Absorption for 3/1001 
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--------------------------- -__ J 
Figure 3.5 Infrared absorption spectrum. 
The peaks of interest at -2000 cm·1 and -600 cm·1 are easily distinguishable. The noise 
peaks are minimal for the samples used. 
3 .4 Photosensitivity and µ 't Product 
Photosensitivity calculations, ratio of photo-to-dark conductivity, provide early 
insight to the structure and electronic quality .of the thin films. To measure the conductivity, 
the sample is placed on a base and probes are connected to the sample contacts. A light 
source mounted above the sample illuminates the base with a spectrum similar to that of the 
sun. A fan blows across the surface of the sample to keep the temperature constant near 
room temperature. In order to prevent any carrier generation from non-calibrated outside 
sources, the apparatus is enclosed in a light tight box. 
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A 100 V bias is applied across the contacts and the photo-generated current is 
measured with a sensitive ammeter. The conductivity can then be calculated with the 
following equation: 
WI a =--
d,ph LVt 
where W/L is the width to length ratio of the contacts (1/20 for this research), tis the 
thickness of the film, and I is the measured current from the ammeter[34]. 
Photocurrent occurs when carriers are optically excited into the conduction band. 
(3.3) 
Dark current arises from thermal generation and recombination of free carriers. The total 
conductivity relies on all three processes. The photo-to-dark conductivity ratio, known as 
photosensitivity, is a measure of how well the sample can transport and collect photo 
generated carriers. 
The conductivity can be calculated as 
(3.4) 
where G is the generation rate, µn and µpare the electron and hole mobilities, respectively, 
and 'tn and 'tp are the electron and hole lifetimes, respectively[34]. G is the number of 
absorbed photons divided by the thickness of the film. Using a calibrated silicon cell we can 
calculate the photon flux at the substrate. Using the known transmission and reflection 
behavior of the film at 671 nm (from the optical measurements) we can calculate the number 
of absorbed photons. In general, µn'tn >> µp'tp in a-Si. Therefore, O', along with the other 
calculated values gives us a measure of µn'tn. The measures of photosensitivity and µ't 
product will allow us to make some generalizations about film quality. 
3.5 Activation Energy 
Activation energy is a measure of conductivity due to thermal excitation versus 
temperature. Transport theory for amorphous films says that the Fermi energy can be 
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approximated by the activation energy[33]. This should give us some idea about the defect 
levels in the film. 
The substrate is placed on a heater block inside a light tight box to eliminate carrier 
excitation due to photon absorption. The temperature is not allowed to exceed 200 °C to 
prevent reordering of the film. A 100 V bias is placed across the contacts to enhance the 
current. The activation energy can be calculated from the Arrhenius relationship 
-~ 
I = I oe ksT (3.5) 
where I is the phonon current, Io is a prefactor current, k8 is Boltzman's constant, and Tis 
temperature in Kelvin[34]. By plotting ln(l/I0) versus 1000/T, the slope of the line is the 
activation energy. The higher the activation energy, the closer the Fermi level is to the 
midgap, indicating a lower defect density. 
3 .6 Light Degradation 
It is well known that some electrical characteristics of a-Si:H films degrade upon 
exposure to light. This effect has been named the Staebler-Wronski effect[29]. The 
Staebler-Wronski effect can cause large changes in conductivity which reduce a material's 
effectiveness for electronic applications. When in a metastable state, the conductivity can 
have a range of values depending on the amount of light exposure. 
In 1985, Stutzmann et al suggested that the Staebler-Wronski effect was caused by 
the breaking of weak bonds when energy was released during the recombination of an 
electron hole pair[30]. Low energy ion bombardment during hot-wire growth should serve to 
break weak bonds, thereby decreasing the concentration of weak bonds in the film. If film 
damage from ion bombardment is minimized, an improved light degradation response should 
be seen. 
The method used for measuring degradation was photo-current vs. illumination time. 
All samples were annealed for an hour to return the samples to their initial states. A quartz-
halogen ELH lamp set to four times the intensity of the sun was used for light soaking the 
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samples. After a given period of time, the samples were removed and a photo-current 
measurement was taken. After a total light soaking time of 20 hours, the subgap absorption 
was re-measured and compared to the absorption before light soaking. After a few hours of 
light soaking, the subgap absorption will decrease. As light soaking is continued, the 
absorption will increase depending on the presence of weakly bonded Si and H[31]. This can 
be used to gain some insight to the changing characteristics of the films. 
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CHAPTER 4: RESULTS AND DISCUSSION 
4.1 Growth Characterization 
Before final conclusions can be made about the addition of a plasma to the hot-wire 
process, the hot-wire system has to be shown to be a viable setup for film growth. Through 
this process, a set of base parameters can be determined for quality film growth. 
4.1.1 Silane Flow Rate 
It has been shown that deposition rate drops steadily with decreasing silane flow 
rate[28]. For the duration of this research, the maximum flow rate of20 seem for the mass 
flow controller on the system was used. 
4.1.2 Pressure Effects 
The NREL research group has shown that increasing pressure increases the growth 
rate of hot-wire films[2]. A set of films was grown to verify this effect of pressure on growth 
rate. For plasma deposition, a decreased pressure increases the mean free path allowing more 
of the radicals to reach the growth surface. However, for hot-wire growth, low pressure 
decreases the residence time at the filament and the substrate, serving to decrease 
disassociation efficiency and growth rate. For the proof of the model, a range of pressures 
between 2 and 20 mTorr was used. The growth parameters used for this series are listed in 
Table 4.1. 
Table 4.1 Growth conditions for study of pressure variation 
Filament Temperature 2200 °C 
Substrate Temperature 250 °C 
Figure 4.1 shows the predicted increase in growth rate with an increase in pressure. 
High growth rates are desired, but it has been shown that at pressures above 20 mTorr the 
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crystalline phase begins to appear[26]. To avoid the crystalline phase altogether, the total 
system pressure was maintained at 15 mTorr throughout this research. 
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Figure 4.1 Effect of pressure on growth rate. 
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Note that the highest growth rate is at a pd product of~ 160 mT-cm, much higher than the 
product of 30 suggested by Mollenbroek et al[6]. The reason for this discrepancy is not 
understood at this time. 
4.1.3 Filament Temperature Effects 
In order to study the effect of filament temperature on growth rate, a series of films 
was grown in which the filament temperature was varied between 1800 °C and 2200 °C. The 
temperature was calibrated using an optical pyrometer. The substrate temperature was held 
constant at 250 °C for this series. 
The temperature of the filament has a large effect on the growth rate of the films. The 
higher temperatures cause a more efficient breakdown of the process gas. It can been seen in 
Fig 4.2 that the groWt:h rate increases from 0.7 Als at 1800 °C to 13.6 Als at 2200 °C. It was 
seen later that films deposited at temperatures of 2200 °C and higher tended to be 
microcrystalline. It was also hypothesized that substrate irregularities due to the high 
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Figure 4.2 Effect of filament temperature on growth rate. 
temperatures become more prevalent. For these reasons, a filament temperature of2000 °C 
was used for the remainder of the research. Note that at 2000 °C growth rates greater than 10 
Als were obtained. This is a useful benchmark rate which is about ten times the rate of a-Si 
films grown with PECVD. 
4.1.4 Substrate Temperature Effects 
In order to study the effect of substrate temperature on growth rate, a series of films 
was grown in which the substrate temperature was varied between 200 °C and 300 °C. The 
temperature was calibrated using Type K thermocouple between the disk heater and the 
substrate block. To ensure even and accurate heat distribution over the substrate, the 
substrate was heated for several hours after the heater reached the desired temperature. 
It can bee seen by the results in Fig 4.3 that the data are inconclusive. The growth rates are 
consistent within 15%, as expected since the decomposition of SiH4 is done by the filament, 
not by the substrate. 
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Figure 4.3 Effect of substrate temperature on growth rate. 
4.1.5 Hydrogen Dilution Effects 
Some groups have shown that hydrogen dilution of silane improves the electronic 
properties of hot-wire films[6]. It is expected that increasing the hydrogen dilution will also 
decrease growth rate. The increase the partial pressure of hydrogen radicals at the growth 
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Figure 4.4 Effect of hydrogen dilution on growth rate. 
surface will decrease the growth rate due to etching. Fig 4.4 shows that the growth rate does, 
in fact, decrease with increasing hydrogen dilution. 
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It has been shown in other research that the electronic properties of a-Si:H improve 
with hydrogen dilution[18,27]. Conde and co-workers have shown that a maximum 
photosensitivity is obtained at hydrogen dilutions in the range of 50-80%[32]. In an effort to 
verify their results, photosensitivity measurements were performed on the same samples 
shown above. The results support the previous work and are summarized in Fig 4.5. 
Effects of Hydrogen Dilution 
75 1.00E+07 
70 
>-e> 65 
Cl) 
~ ·:; 
;i 
·;~--~ c > 60 w Cl) 
'fi .§. 55 1.00E+06 i c:::i Eur I/) 
CV 
-e 50 ::> 
45 
40 +-----'---'---+----'-----'--+---'----,__-+- 1. OOE +05 
40% 50% 60% 
Hydrogen Dilution (%) 
~ -+-Photo 
.c a. 
Figure 4.5 Effect of hydrogen dilution on photosensitivity and Urbach energy. 
While the very high photosensitivity and decreased Urbach energy from increased hydrogen 
dilution are desirable, the decrease in growth rate is not. From this point onward, a hydrogen 
dilution of 50% is used in this work unless otherwise noted. 
4.2 Plasma Effects 
The results mentioned herein are the first results from a hot-wire system coupled with 
a plasma. It represents the first time in about 10 years that an entirely new hot-wire system 
has been developed. In the previous sections, the hot-wire configuration used for this 
research was proven to be comparable to systems used in previous work. We now report the 
results for the coupled system. 
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4.2.1 Power Effects 
When a plasma is the primary mechanism for growth, increasing the power increases 
the growth rate due to improved disassociation efficiency. It will be helpful to determine the 
effect of a helium plasma in the presence of hot-wire growth. A series of films were 
deposited with varying power to determine the effect of microwave power on growth rate and 
film quality. A process to plasma gas ratio of 5 to 1 was used for this series. 
It can be seen from Fig 4.6 that the usual increase in growth rate with microwave 
power is not shown by these results. In fact, with increasing power, the growth rate 
decreases. 
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Figure 4.6 Effect of microwave power on growth rate. 
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The trend shown in Fig 4.6 can be explained by the increase in the ion flux at the film 
surface. Without the hot-wire mode, more power is needed for increased growth rates. 
However, the hot-wire system by itself far surpasses the growth rates possible with ECR-
PECVD only. The ion flux serves only to help in the ordering of the film and to decrease the 
growth rate. An increase in power increases the ability of the ions to break weak bonds and 
decrease growth rate. This decrease in growth rate is undesirable. Film quality is expected 
25 
to improve with low-energy ion bombardment, so in the interest of growth rate, a low-power 
(65 W) plasma is used. A similar result was seen with a hydrogen plasma. 
It should be noted that a sample was created under the low-power conditions above 
without the filament in an effort to prove that a majority of the growth was due to 
disassociation by the filament rather than by the plasma. The resulting film exhibited a 
growth rate of 0.1 Als, nearly 25 times less than the film with the filament. This result shows 
that the majority of growth is, in fact, due to the filament rather than the plasma and allows 
for the contention that the plasma is only important for the generation of ions. 
4.2.2 Helium Dilution Effects 
While we know that a plasma with increasing power has detrimental effects on film 
growth, it may be possible to increase the partial pressure of helium in the growth chamber to 
allow more interaction with the growth surface but not decrease growth rate. A series of 
films deposited with varying helium pressures was performed to verify this prediction. It 
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can be seen in Fig 4. 7 that the growth rate was not affected by an increase in the ratio of 
helium to process gases. 
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The results for the effect of the helium dilution on the electronic properties of the 
films are shown in Fig 4.8. While the growth rate remains constant, as shown in Fig 4.7, the 
photosensitivity increases by almost a factor of 10 over the same range of helium dilution. 
Also, the Urbach energy drops by about 15%. The best Urbach energy obtained without a 
plasma was 50 me V. It can be seen that the better films grown with a plasma show a lower 
Urbach energy. This is a very significant result. It shows that low energy ion bombardment 
in the proper amount improves some of the electronic properties of hot-wire films. 
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4.2.3 Light Degradation 
It has been shown above that the addition of a plasma reduces the Urbach energy and 
increases photosensitivity. From these results, we would expect to see an improved response 
to light soaking. In Fig 4.10, the curves for photo-current versus light soaking time are 
shown. It is apparent that the plasma film degrades much more from the initial state than the 
film grown by hot-wire only. This can also be seen in the Fig 4.11 and Fig 4.12. The 
difference between the subgap absorption curves from the initial state to the light soaked 
state is much more visible in the plasma film. This result is unexpected. It is possible that a 
higher initial defect density in the film grown without a plasma causes it to degrade less. 
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Figure 4.10 Effect of light soaking on photocurrent. 
It is expected that the addition of a plasma will decrease the defect density by breaking weak 
bonds during growth and creating a more dense amorphous structure. This appears to be the 
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Figure 4.11 Effect of light soaking on subgap absorption. 
case as shown in Fig 4.11. The subgap absorption curve is less absorbing in the low energy 
range, and shows a much sharper slope (leading to a lower Urbach energy), both indicating a 
lower defect density. 
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The initial degradation caused by increasing the number of defects will have little 
negative effect if the initial defect density is much greater than the additional defects caused 
by light soaking. Whereas, the film grown with a plasma has few defects compared to the 
number created by light soaking and therefore exhibits a large visible degradation. This is a 
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Figure 4.12 Effect of light soaking on subgap absorption. 
possible explanation of the higher perceived degradation. Further analysis is needed to make 
any definite conclusions. At this point, it appears that the two film types cannot be properly 
compared by their degradation response to light due to their differing initial defect densities. 
4.2.4 Activation Energy and µt Product 
Two samples were measured (one deposited with hot-wire only and one with the help 
of a plasma) in an effort to further characterize the differences between hot-wire only and 
plasma assisted films. The results are summarized in Table 4.1. It can be seen that the 
Table 4.1 Summary of µt product and activation energy results. 
No Plasma Plasma 
µ't Product 1.16 ff6 cm2N 2.95 ff6 cm2N 
EA 0.84 eV 0.94 eV 
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addition of a plasma improves the characteristics in both categories. The higher µ't product 
indicates a better ability to transport carriers (assuming all other factors are constant), and the 
higher activation energy indicates a Fermi level closer to the midgap suggesting a lower 
defect density. These are both significant results supporting the claim that low energy ion 
bombardment improves the properties of a-Si:H films. 
4.2.5 Hydrogen Content 
It was mentioned earlier that hydrogen content can be calculated from the infrared 
absorption curve by calculating the area under the 600 and 2000 cm-1 peaks. Several samples 
were made using hot-wire alone and coupled with an ECR plasma. Fig 4.9 shows the 
absorption coefficient curve for two of these samples. It is apparent that the film deposited 
with the help of a plasma has a higher hydrogen content. The addition of low energy ion 
bombardment should serve to create a more dense amorphous structure with fewer dangling 
bonds. This should decrease the amount of hydrogen in the film by decreasing the number 
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Figure 4.9 Absorption coefficient curve for comparing hydrogen content. 
of sites available for passivation during growth, but this expected result is not seen here. It 
needs to be remembered that the silane is diluted in hydrogen and that the plasma is very 
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good at breaking molecular hydrogen into atomic hydrogen. It should be no surprise, 
therefore, that with a higher concentration of atomic hydrogen available for incorporation 
the resulting film would show a higher hydrogen content. It is deduced that the hydrogen 
bonds present in the plasma assisted film are non-deleterious in nature based on the 
improvement in the properties over the hot-wire deposited film. 
4.2.6 Etching 
Two hydrogen dilution series were performed; one with hot-wire and the other with a 
hydrogen plasma coupled with hot-wire. Otherwise, all parameters were constant. It is 
expected that the growth rate will drop with increasing dilution because, unlike helium, 
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Figure 4.13 Effect of hydrogen plasma on growth rate. 
hydrogen is a natural etchant. It can be seen in Fig 4.13 that both the plasma and no plasma 
series do exhibit a decrease in growth rate with increasing dilution. The significant result, 
however, is that the overall growth rate for the plasma series is only 25% that of the series 
using only hot-wire. This is strong evidence that ions etch more effectively than radicals. 
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CHAPTER 5: CONCLUSIONS 
5.1 Hot-Wire Deposition 
The ECR-PECVD system was successfully configured for hot-wire deposition, and a 
set of base parameters for quality hot-wire film growth was determined to serve as a 
reference for controlled experimentation. The base parameters were chosen by varying 
pressure, filament temperature, substrate temperature, and hydrogen dilution and monitoring 
the effect each of them had on deposition rate and the electronic properties of the a-Si:H 
films. It was shown that our pd product for optimum growth disagrees with Molenbroek et 
al[6]. Upon completion, there was sufficient evidence that the reactor had been adequately 
configured because the model matched that of previous work and growth rates as high as 16 
A/s were achieved with electrical properties comparable to other work with hot-wire systems. 
It was found that increasing hydrogen dilution improves the photosensitivity and Urbach 
energy of the resulting films. 
5.2 Hot-Wire with Plasma 
A plasma was successfully coupled with the hot-wire system. This is the first time 
this has ever been done. The purpose was to investigate the effects of introducing a plasma 
during growth on the deposition rate and electronic properties of the films. It was found that 
increasing power decreases the growth rate below acceptable levels. A low power helium 
plasma (-65 W) producing low energy ions serves to adequately reorder the films, giving rise 
to lower Urbach energies, higher µt products, higher activation energies, and higher 
photosensitivities. It was also shown that the addition of a plasma increases the hydrogen 
content while showing lower defect densities leading to the conclusion that the Si-H bonds 
present are not deleterious in nature. Response to light degradation is worsened with the 
addition of a plasma, but it is theorized that the lower initial defect density leads to an 
increased perceived light degradation effect. It was also shown that the primary 
disassociation mechanism contributing to growth is the filament rather than the plasma. 
32 
5.3 Etching 
In the past, determining whether radicals or ions are most responsible for etching has 
been difficult because they are both present in a plasma system. This research allowed 
radicals and ions to be examined separately because of the ability to use one or both of the 
deposition methods. It was found that ions are much more effective at etching than are 
radicals. 
5.4 Future Work 
While this research has answered many questions about the feasibility of coupling a 
hot-wire system to a plasma system, this is just the beginning. Now that a new system has 
been developed, there is much work to be done to fully characterize it and to understand the 
factors and effects involved in its operation. Specifically, optical emission spectroscopy and 
mass spectrometry measurements can be made to better understand the contributing growth 
species at various parameter configurations. Also, more work needs to be done on the effect 
of filament temperature on substrate temperature. In this work, there was little investigation 
into the effect of substrate temperature on film properties. The disagreement with 
Molenbroek's model is confusing and also needs to be explored further. 
It was mentioned earlier that some groups have already achieved deposition rates on 
the order of -100 Als with decent electronic properties, but not with plasma.. There is now a 
need to show that this method can take the growth rates beyond I 0 Als with a plasma while 
exceeding the current film quality standards. This can be accomplished with multiple 
filaments arranged in a grid, using a pumping configuration that better promotes growth 
species migration to the substrate, and using higher silane flow rates. 
There is also a need to apply this technology to a-(Si,Ge) films. The energetic ions 
could help to solve some of the current surface diffusion problems with the germane radical. 
With a continued effort, HWCVD could become the dominant processing technology 
with the ability to work at very high deposition rates, bringing down the cost of silicon 
technology. 
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